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ABSTRACT :  The  ability  to  construct  self-assembled  three-dimensional 
(3D)  superstructures  with  desired  functionality  is  not  only  of  scientific 
curiosity  but  also  crucial  in  the  bottom-up  nanofabrication  of  smart 
materials  and  devices.  Here  a  facile  solution-processable  strategy  for 
creating  3D  layer-by-layer  graphene— gold  nanoparticle  architectures  was 
developed  in  which  cysteine  molecules  with  amino  groups  were 
chemically  grafted  onto  the  surface  of  graphene  oxide  and  then  the 
cysteine  thiol  groups  were  attached  to  the  surface  of  gold  nanorods 
(GNRs)  through  strong  covalent  Au— S  linkages.  In  this  self-assembled 
structure;  as  revealed  by  transmission  electron  microscopy  (TEM)  and 
scanning  electron  microscope  (SEM);  it  was  confirmed  that  the  graphene  layers  aligned  in  parallel  fashion  rather  than  randomly 
to  each  other  by  the  lying  down  patterns  of  the  GNRs;  which  also  formed  layers  in  parallel.  Furthermore;  spherical  gold 
nanoparticles  with  different  sizes  were  used  to  control  the  interlayer  distance  of  the  3D  hybrid  structure. 


1.  INTRODUCTION 

Carbon  nanomaterials;  typically  one-dimensional  (ID)  carbon 
nanotubes  (CNTs)  and  two-dimensional  (2D)  grapheneS;  have 
captured  great  interest  because  of  their  uncommon  thermal; 
electrical;  and  mechanical  properties;  which  have  potential  for  a 
wide  range  of  applications  such  as  energy  generation  and 
storage.  Currently;  they  are  continually  drawing  more 
attention  based  on  diverse  architectures  or  systems;  especially 
recent  theoretical  findings  on  3D  carbon  architecture  showing 
tremendous  scientific  potential.^”^  Among  carbon  nanomateri- 
als;  graphene  acting  as  a  2D  nanosheet  exhibits  unique 
functionality.^^  However;  one  significant  challenge  for  graphene 
is  destacking  from  graphite  because  the  planar  polycyclic 
aromatic  graphene  sheets  favor  tight  packing  as  a  result  of 
strong  Tt—Tt  interactions;  which  limits  the  total  accessible 
surface  area  critical  for  applications.  With  the  assistance  of  gold 
nanoparticles  (GNPs);  graphene  sheets  can  be  destacked  and 
stabilized;  resulting  in  large  surface  area  for  various  applications 
including  supercapacitors. On  the  other  hand;  because  of  the 
anisotropic  graphene  structure;  it  exhibits  strong  direction- 
dependent  properties;  including  electrical  transport;  which  is 
superior  in  the  layer  planes  but  extremely  low  across  the  planes. 
With  such  a  3D  continual  nanostructure;  different  layers  of 
graphene  can  be  connected  by  conducting  GNPs.  ThuS;  the 
poor  interlayer  electrical  transport  can  be  greatly  enhanced. 
Moreover;  applications  based  on  the  synergistic  effect  of 
GNPs/graphene  hybrid  materials  could  be  developed. 

To  build  such  a  3D  nanostructure;  here  an  easy  solution- 
processable  approach  was  developed  by  using  graphene  oxide 
(GO)  as  the  starting  material;  because  without  functionalization 
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the  pristine  graphene  sheets  are  insoluble  and  very  difficult  to 
exfoliate;  limiting  their  large-scale  practical  application.^  For  the 
synthesis;  GO  sheets  are  first  chemically  functionalized  with  the 
amino  acid  cysteine  (Cys);  which  has  an  amine  group  to 
connect  with  GO;  yielding  GO-CyS;  which  was  simultaneously 
significantly  reduced.  Because  of  the  free  thiol  group  of  CyS;  the 
resulting  Cys-ffinctionalized  GO  sheets  are  then  linked  with 
colloidal  gold  nanorods  (GNRs)  as  the  first  tried  sample 
through  covalent  Au— S  linkages.  When  GNRs  and  graphene 
layers  are  continuously  stacked  on  each  other;  a  3D  layer-by- 
layer  graphene— GNR  hybrid  nanostructure  is  created. 
Furthermore;  spherical  GNPs  with  different  sizes  can  be  used 
to  build  more  such  3D  structures;  and  the  resulting  layer-by- 
layer  graphene— GNP  nanostructures  have  tunable  layer 
distances.  These  controlled  3D  carbon  nanostructures  would 
not  only  help  the  understanding  of  structure— property 
relationships  but  also  lead  to  various  novel  applications.  For 
example;  the  assembled  layer-by-layer  reduced  GO-GNP  hybrid 
could  be  used  for  low-voltage  flexible  flash  memory  when 
forming  a  double-floating-gate  structure. For  another  aspect; 
exfoliated  graphene  separated  by  GNPs  has  the  advantage  of 
increased  surface  area  for  supercapacitor.^^ 

2.  EXPERIMENTAL  SECTION 

2.1.  Materials  and  Instruments.  All  chemicals  and 
solvents  were  purchased  from  commercial  supplies  and  used 
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without  further  purification.  HAUCI4  is  30  wt  %  in  diluted  HCl 
solution.  UV— visible  spectra  were  collected  on  a  PerkinElmer 
Lambda  25  UV— vis  spectrometer  at  the  resolution  of  1  nm.  For 
transmission  electron  microscopy  (TEM)  observation^  solution 
samples  were  first  dispersed  on  TEM  Cu  grids  precoated  with 
thin  holey  carbon  film  (Cu-400  HN)  purchased  from  Pacific 
Grid  Tech.  After  being  completely  dried;  they  were  studied 
using  a  FEI  Tecnai  TF20  PEG  TEM  equipped  with  a  4k 
UltraScan  charge-coupled  device  (CCD)  camera  for  digital 
images.  For  the  3D  tomography  (TOMO)  experiment;  images 
were  captured  by  tilting  the  sample  between  ±70  °C.  For 
scanning  electron  microscopy  (SEM);  it  is  obtained  in  a  FEI 
Quanta  450  PEG  SEM.  X-ray  photoelectron  spectroscopy 
(XPS)  measurements  were  performed  on  a  PHI  5000 
VersaProbe  spectrometer  with  an  Al  Ka  X-ray  source.  The 
oxidation  reduction  reaction  (ORR)  experiments  were 
conducted  by  performing  linear  sweep  voltammetric  (LSV) 
measurements  on  a  rotating-disk  electrode  (RDE)  in  an  O2- 
saturated  O.I  M  KOH  electrolyte  aqueous  solution.  Cyclic 
voltammetry  (CV)  and  LSV  curves  were  measured  on  a 
computer-controlled  potentiostat  (CHI  760C;  CH  Instrument; 
USA)  with  a  three-electrode  electrochemical  cell.  All  the 
experiments  were  conducted  at  room  temperature.  Samples 
were  casted  on  the  GC  working  electrode;  followed  by  casting 
with  a  Nafion  solution  (0.05  wt  %  in  isopropanol)  as  the 
binder.  A  platinum  wire  was  used  as  the  counter  electrode;  and  a 
saturated  calomel  electrode  (SCE)  was  used  as  the  reference 
electrode. 

2.2.  Synthesis.  2.2.1.  Preparation  of  GO-Cys.  For  the 

synthesis  of  the  GO-CyS;  25  mg  of  dried  GO  was  first 
suspended  in  distilled  water  (50  mL)  by  ultrasonication.  The 
pH  of  GO  dispersion  was  then  adjusted  to  10  by  the  addition  of 
NaOH.  Then  29  mg  (0.024  mM)  of  Cys  was  added  into  the 
dispersion  of  GO.  The  mixture  was  heated  to  80  °C  and  stirred 
constantly  for  24  h.  It  could  be  observed  that  the  color  of  the 
dispersion  changed  from  dark  brown  to  black  without 
congregation  during  the  reaction.  After  being  cooled  to  room 
temperature;  the  resulting  homogeneous  black  dispersion  was 
subsequently  filtered;  washed;  and  redissolved  in  20  mL  of 
H2O. 

2.2.2.  Preparation  of  Layer-by-Layer  GO-Cys-GNR/ 
GNP  Hybrid  Nanostructure.  2.2.2. 1.  Preparation  of  GNP^ 
(19.8  nnn).  First;  the  water-soluble  GNPs  protected  by 
surfactant  were  prepared  based  on  the  method  described 
previously.  One  hundred  mL  of  2.5  X  10“"^  M  HAUCI4 
aqueous  solution  was  heated  to  120  °C  in  an  oil  bath  under 
vigorous  stirring  for  30  min.  Then;  II  mL  of  1%  (wt  %)  sodium 
citrate  aqueous  solution  was  added  into  that  solution  with 
continued  boiling.  After  20  min;  the  purple— red  solution  was 
cooled  to  room  temperature.  Ten  mL  of  the  solution  was 
centrifuged  several  times  to  remove  excessive  surfactants  and 
other  solution  components  and  redispersed  in  water  (lO  mL). 
ThuS;  GNPi  aqueous  solution  was  prepared. 

2.2.2.2.  Preparation  of  GNP2  (^^49.7  nm).  The  water- 
soluble  GNP2  protected  by  surfactant  were  prepared  based  on 
the  method  described  previously^^  with  some  modification. 
Into  a  flask  was  added  9  mL  of  the  growth  solution  containing  a 
mixture  of  2.5  X  10“"^  M  HAUCI4  and  0.0 1  M  cetyl 
trimethylammonium  bromide  (CTAB).  Warming  was  neces¬ 
sary  to  dissolve  the  CTAB.  Fifty  pL  of  O.I  M  freshly  prepared 
ascorbic  acid  was  added  into  the  flask  followed  by  gentle 
stirring  for  2  min.  Finally  0.5  mL  of  the  above  GNP^  aqueous 
solution  before  centrifuge  as  Au  seed  was  added  into  the  flask; 


and  the  mixture  was  kept  at  30  °C  in  a  water  bath  for  at  least  6 
h.  The  solution  was  centrifuged  several  times  to  remove 
excessive  surfactants  and  other  solution  components  and 
redispersed  in  15  mL  of  water.  ThuS;  GNP2  aqueous  solution 
was  prepared. 

2.2.2.3.  Preparation  of  GNR  (^-^14.6  x  44.3  nm).  The 
CTAB-coated  GNRs  were  freshly  prepared  following  the  seed- 
mediated  growth  method^^  with  some  modification.  For  seed 
preparation  specifically;  0.5  mL  of  an  aqueous  0.0 1  M  solution 
of  HAUCI4  was  added  to  CTAB  solution  (I5  mL;  O.I  M)  in  a 
vial.  A  bright  brown— yellow  color  appeared.  Then;  1.20  mL  of 
0.0 1  M  ice-cold  aqueous  NaBH4  solution  was  added  all  at  once; 
followed  by  rapid  inversion  mixing  for  2  min.  The  solution 
developed  a  pale  brown— yellow  color.  Then;  the  vial  was  kept 
in  a  water  bath  maintained  at  25  °C  for  future  use.  For 
nanorods  growth;  9.5  mL  of  O.I  M  CTAB  solution  in  water  was 
added  to  a  tube;  and  then  0.40  mL  of  0.0 1  M  HAUCI4  and  0.06 
mL  of  0.0 1  M  AgN03  aqueous  solutions  were  added  in  this 
order  and  mixed  by  inversion.  Then  0.06  mL  of  O.I  M  of 
ascorbic  acid  solution  was  added;  and  the  resulting  mixture  at 
this  stage  becomes  colorless.  The  seed  solution  (0.02  mL)  was 
added  to  the  above  mixture  tube;  and  the  tube  was  slowly 
mixed  for  10  s  and  left  to  sit  still  in  the  water  bath  at  25—30  °C 
for  3  h.  The  final  solution  turned  purple  within  minutes  after 
the  tube  was  left  undisturbed.  The  solution  of  CTAB-GNRs 
was  centrifuged  at  7500  rpm  per  20  min  several  times  to 
remove  the  excessive  CTAB  and  other  solution  components 
and  redispersed  in  20  mL  of  water. 

2.2.3.  Preparation  of  Layer-by-Layer  GO-Cys-GNP/ 
GNR  Hybrid  Nanostructure.  For  GO-Cys-GNP i;  first  two 
1.5  mL  GO-Cys  solutions  were  centrifuged  at  14  000  rpm  per 
10  min  twice  to  remove  free  cysteine.  Second;  after  15  min;  0.5 
mL  GNPi  solution  was  added  into  it  and  the  solution  was 
mixed  by  magnetic  stirring.  Third;  after  30  min;  another 
centrifuged  1.5  mL  of  GO-Cys  solution  and  0.5  mL  of  GNP^ 
solution  were  added  one  after  another  with  a  time  interval  of  15 
min.  Fourth;  the  previous  step  was  repeated  once  more.  Finally 
the  mixture  was  sealed  and  stirred  for  3  days.  The  GO-Cys- 
GNP2  and  GO-Cys-GNR  were  prepared  by  the  same  approach. 
The  synthesis  route  of  GO-Cys-GNR  is  presented  in  Figure  1. 
After  reaction;  the  mixtures  were  centrifuged  several  times  for 
purification. 

3.  RESULTS  AND  DISCUSSION 

Figure  2  depicts  a  representative  3D  layer-by-layer  GO-Cys- 
GNR  superstructure.  When  the  primary  amine  reacts  with  GO; 
although  multiple  reactions  might  occur  simultaneously;  the 
major  reaction  under  these  conditions  is  an  easy  ring-opening 
reaction  of  the  epoxy  groups  by  the  amine  groups.  A  likely 
mechanism  for  this  reaction  involving  nucleophilic  attack  at  the 
a-carbon  by  the  primary  amine;  leaving  an  open  hydroxyl 
group;  was  demonstrated  in  the  reaction  of  GO  with 
octadecylamine.^^'^^  Following  the  reaction  yielding  GO-CyS; 
as-prepared  GNRs  or  GNPs  are  added  to  attach  onto  the  GO- 
Cys  layers  via  Au— S  linkages.  Here  anisotropic  GNRs  (14.6  nm 
X  44.3  nm)  were  first  used;  and  GNPs  of  different  sizes  (small 
GNPi;  ^^19.8  nm;  large  GNP2;  ^^49.7  nm)  were  further 
prepared  to  make  a  series  of  layer-by-layer  nanostructures.  The 
reported  sizes  are  based  on  counting  of  500  individuals  for  each 
type  of  NP.  After  this  step;  one  observation  clearly  indicated 
the  successful  combination  of  GO  and  GNRs/GNPs:  before 
addition  of  the  GNRs/GNPs;  the  lightweight  GO-Cys  sheets 
could  not  fully  precipitate  during  centrifugation;  leaving  a  dark- 
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Figure  1.  Synthesis  of  GO-Cys-GNR. 
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Figure  2.  Scheme  of  the  representative  layer-by-layer  graphene— GNR 
hybrid  architecture.  The  structure  shown  is  simplified;  as  there  are 
multiple  GNRs  in  the  same  layer  and  above  and  below  there  are 
continuously  stacked  GNRs  and  graphene  layers. 


black  solution  as  the  top  layer;  after  addition  of  the  GNRs/ 
GNPs;  the  assembled  hybrid  structures  were  heavier;  and  most 
of  the  GO-Cys  was  pulled  to  the  bottom  during  centrifugation; 
leaving  a  colorless  top  solution.  The  synthesis  was  also  traced 
by  UV— vis  spectroscopy;  as  shown  in  Figure  3.  Pristine  GO 
showed  a  typical  absorption  peak  at  230  nm.  After  reaction  with 
CyS;  this  peak  shifted  to  253  nm;  similar  to  observations  for 


Wavelength  (nm) 

Figure  3.  UV— vis  spectra  of  GO;  GO-CyS;  GO-Cys-GNR;  GO-Cys- 
GNPi;  and  GO-Cys-GNP2. 


other  reduction  reactions.  After  the  subsequent  combination 
with  GNRs/ GNPs;  the  typical  localized  surface  plasmon 
resonance  (LSPR)  of  GNPs/GNRs  appeared.  For  anisotropic 
GNRs  there  are  peaks  at  ca.  520  and  705  nm  corresponding  to 
the  transverse  and  longitudinal  LSPR;  respectively.  For 
spherical  GNPs;  there  is  a  characteristic  peak  at  ca.  520  nm. 

The  critical  role  of  Cys  in  the  successful  binding  of  GNRs/ 
GNPs  and  GO  was  confirmed  by  TEM  (Figure  4).  The  GNR/ 
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Figure  4.  TEM  images  of  (A— C)  GO  mixed  with  GNR;  GNP^;  and 
GNP2;  respectively;  and  (D— F)  GO-Cys-GNR;  GO-Cys-GNP^;  and 
GO-Cys-GNP2;  respectively.  The  gray  arcs  and  frames  are  from  holey 
carbon  films  coated  on  TEM  grids. 


GNP  solutions  were  simply  mixed  with  GO-Cys  solution  to 
initiate  the  reaction.  For  comparison;  samples  were  prepared  by 
mixing  GNR/GNP  solutions  with  a  solution  of  pristine  GO 
under  the  same  conditions.  To  prepare  a  TEM  specimen;  a 
droplet  of  each  mixture  was  deposited  on  a  holey;  lacey;  carbon- 
coated  TEM  grid.  Suspended  GO  films  were  found  on  some  of 
the  holes.  Figure  4A— C  shows  that;  without  the  linking  thiol 
group  provided  by  CyS;  the  GNRs/ GNPs  tend  to  aggregate  and 
very  few  of  them  are  well-dispersed.  In  contrast;  the  GNRs/ 
GNPs  are  attached  to  GO-Cys  in  a  well-dispersed;  uniform 
manner  (Figure  4D— F).  Although  GNRs  and  GNPs  tend  to 
aggregate  on  the  basis  of  electrostatic  interationS;^^  when  they 
were  chemically  bonded  on  the  GO  layers  through  Au— S 
linkages;  the  self-aggregation  was  prevented. 

To  illustrate  the  structural  changes  of  GO  after  functionaliza¬ 
tion  with  CyS;  the  pristine  GO  and  GO-Cys  were  analyzed  by 
Raman  spectroscopy;  molecular  simulation  using  Gaussian  09, 
X-ray  photoelectron  spectroscopy  (XPS);  and  electron 
diffraction  (ED).  The  typical  Raman  features  of  GO  are 
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Figure  5.  (a)  Raman  spectra  of  GO  and  GO-Cys.  (b)  XPS  spectra  and  (c)  high-resolution  XPS  spectra  of  GO  and  GO-Cys.  The  C— O  peak  of  GO 
and  the  sp^  C  peak  of  GO-Cys  have  been  normalized  for  easy  comparison,  (d)  ED  patterns  of  (l)  single-layer  GO;  (2)  multilayer  GO;  (3)  GO-CyS; 
and  (4)  the  carbon  film  substrate  of  the  TEM  grid. 


displayed:  one  D  band  at  1353  cm“^  and  one  G  band  at  1592 
cm“^  (see  Figure  5a).  The  D  band  is  due  to  the  A^g  breathing 
vibrational  mode  of  six-membered  sp^  carbon  ringS;  which 
becomes  Raman-active  after  neighboring  sp^  carbons  are 
converted  to  sp^  hybridization.  The  G  band  is  due  to  the  E2g 
vibrational  mode  of  sp^-bonded  carbon.^^  The  intensity  ratio  of 
the  D  band  to  the  G  band  (Id/^g)  increases  from  0.92  for  GO 
to  1.04  for  GO-CyS;  indicating  the  formation  of  a  higher 
number  of  surface  defects.  This  could  be  ascribed  to  the 
chemical  bonding  of  Cys  and  the  reduction  reaction  at  higher 
temperature.  It  has  been  discovered  that;  under  this  condition 
at  80  °C;  the  reduction  reactions  cause  defunctionalization  of 
epoxide;  hydroxyl;  and  carboxylic  acid  groups.^^'^^  The  release 
of  these  oxygen-containing  functional  groups  inevitably 
generates  vacancies  and  topological  defects  on  the  reduced 
GO.  AlsO;  the  relatively  large  Cys  molecules  attached  on  the 
GO  surface  further  locally  distort  the  flat  structure  compared 
with  GO  because  of  steric  hindrance;  resulting  in  some  defects 
(see  molecular  simulation  in  Figure  SI  of  Supporting 
Information). 

The  chemical  reaction  of  GO  and  Cys  and  the  accompanying 
reduction  reaction  were  confirmed  by  XPS  measurements 
(Figure  5b;  c).  In  Figure  5b;  the  existence  of  the  N  and  S  peaks 
at  398.8  and  228.8  eV;  respectively;  indicates  the  successful 
binding  of  Cys  on  GO.  The  significantly  increased  C  Is/O  Is 
ratio  is  due  to  the  reduction  of  GO.  The  C  content  rose  from 
65  to  70%;  and  the  O  content  dropped  from  34  to  26%.  The 
Na  signal  is  due  to  the  addition  of  NaOH  for  pH  adjustment. 
For  more  detailed  analysis;  high-resolution  C  Is  spectra  of  GO 
and  GO-Cys  are  shown  in  Figure  5c.  The  intensity  of  the  C— O 
(286.2  eV);  C=0  (287.8  eV);  and  0=C-0H  (289.2  eV) 
peaks  all  decreased  significantly;  indicating  the  release  of  O-rich 
groups.  The  new  C— N  component  (a  shoulder  peak)  at  ^^286.1 
eV  in  the  C  Is  spectrum  of  GO-Cys  is  attributed  to  the  C— N 
bond  between  GO  and  Cys. 


GO  and  GO-Cys  were  further  studied  by  ED.  The  scattering 
patterns  captured  by  TEM  are  shown  in  Figure  5d.  The 
untreated  single-layer  and  multilayer  GO  films  exhibited 
distinct  bright  spots  forming  single  and  multiple  sets  of 
hexagonS;  indicating  a  relatively  highly  ordered  graphene 
structure  and  a  rather  random  stacking  of  GO  sheets  in 
multilayer  films.  Upon  treatment  with  CyS;  the  bright  spots 
were  replaced  by  blurred  ring  patterns.  The  pronounced  change 
in  the  ED  pattern  can  be  attributed  to  the  stacking  of  a  number 
of  GO-Cys  layers  and  an  increase  in  defects  in  the  GO-Cys 
sheets;  which  is  consistent  with  the  Raman  and  simulation 
results  shown  above. 

The  3D  layer-by-layer  hybrid  nanostructures  were  loaded  on 
holey  carbon  film-coated  TEM  grids  and  then  characterized. 
Because  of  their  anisotropic  shape;  GNRs  were  easier  to 
recognize  and  served  as  a  good  example  for  demonstration.  The 
approach  to  illustrating  the  3D  nanostructure  by  tilting  the 
sample  is  depicted  in  Figure  6a.  TEM  images  are  captured  from 
the  top  view.  Relative  to  GNR  0  in  the  middle  layer  as  the 
reference;  as  the  tilt  angle  Q  is  changed  from  negative  to 
positive;  GNR  1  in  the  middle  layer;  GNR  2  in  the  upper  layer; 
and  GNR  3  in  the  lower  layer  show  different  moves:  2  keeps 
moving  toward  0;  1  first  slightly  moves  away  from  0  and  then 
moves  slightly  toward  0;  and  3  keeps  moving  away  from  0. 
Because  GNRs  1—3  all  are  to  the  left:  of  GNR  0;  their  motion 
confirms  that  these  GNRs  are  in  different  layers.  The  images  of 
actual  tilted  samples  are  presented  in  Figure  6b;  in  which  tilt 
angles  of  —40°;  0°;  and  40°  were  chosen  to  display  the 
significant  shifts  of  GNRs.  For  each  image;  an  enlarged  area  was 
picked  for  comparison.  The  chosen  GNRs  in  different  layers  are 
marked  with  red;  green;  and  blue  circles  and  numbered 
according  to  Figure  6a.  During  tilting;  the  movements  of  GNRs 
1—3  in  different  layers  relative  to  GNR  0  were  indeed  different 
as  described  above.  A  video  made  as  this  sample  was  tilted  with 
smooth  continuous  angle  changes  clearly  proved  the  3D 
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Figure  6.  (a)  Schematic  depiction  of  the  motion  of  GNRs  in  different 
layers  during  tilting  as  observed  from  the  top.  GNR  0  was  used  as  the 
reference.  The  GNRs  marked  with  different  colors  are  in  different 
layers,  (b)  TEM  images  of  a  3D  layer-by-layer  GO-Cys-GNR  sample 
at  three  different  tilt  angles.  The  gray  arc  in  TEM  images  (b)  is  from 
holey  carbon  films  coated  on  TEM  grids. 


structures  (see  the  Supporting  Information).  In  the  images  with 
continuous  smaller  tilting  angle  changes^  the  same  results  could 
be  observed  for  GO-Cys-GNPi  and  GO-Cys-GNP2  (Figure  S2 
and  S3  of  Supporting  Information)  as  for  GO-Cys-GNR. 

On  the  basis  of  the  TEM  results  for  the  tilted  samples^  side- 
view  images  of  the  3D  layer-by-layer  nanostructures  were 
generated  by  3D  tomography  (TOMO)  (Figures  7  and  8). 


Figure  7.  Side-view  images  of  GO-Cys-GNR  3D  nanostructures 
constructed  by  TOMO  on  the  basis  of  TEM  images.  GNRs  lying 
down  in  the  same  layer  are  connected  by  red  dashed  lines. 


Figure  7  shows  that;  in  a  chosen  small  area;  GNRs  lie  in 
different  levels;  and  nearly  all  exhibit  a  lying  down  pattern 
because  of  their  particular  anisotropic  shape.  When  GNRs  at 
similar  levels  are  connected  by  red  dashed  lineS;  layers  appear. 
This  indicates  that  the  graphene  sheets  are  in  a  parallel  pattern 
rather  than  a  random  one  in  this  3D  layer-by-layer 
nanostructure.  This  was  further  proved  by  SEM;  as  shown  in 
Figure  9  and  Figure  S4  of  the  Supporting  Information.  In 
addition;  with  different  GNR  and  GNP  sizes  (GNP^  and 
GNP2);  the  distance  between  graphene  layers  can  be  further 
tuned. 

The  electronic  properties  of  the  3D  hybrid  architecture  were 
investigated  by  oxidation  reduction  reaction  (ORR)  and  cyclic 
voltammetry  (CV)  experiments.^'^^  The  results  are  shown  in 
Figure  lOa  along  with  those  for  GO  and  GO-Cys  for 
comparison.  The  improvement  in  the  ORR  activity  was 
confirmed  by  the  increase  in  the  onset  potential  and  a 


Figure  8.  Side-view  images  of  GO-Cys-GNPi  and  GO-Cys-GNP2  3D 
nanostructures  constructed  by  TOMO  based  on  TEM  images. 


Figure  9.  SEM  image  of  the  3D  layer-by-layer  architecture  from  a  GO- 
Cys-GNP2  sample  tilted  by  ca.  15°. 


concomitant  current  density  increase.  After  chemical  mod¬ 
ification;  GO-Cys  exhibited  some  improvement  in  ORR 
catalytic  activity  (O2  +  2H2O  +  4e“  ^  40H“).  When  it  was 
further  combined  with  GNPs  or  GNRs;  much  higher  catalytic 
activities  were  observed.  The  onset  potential  for  GO  was  about 
—0.30  V;  compared  with  GO-Cys  (—0.28  V);  GO-Cys-GNPi 
(-0.23  V);  GO-Cys-GNP2  (-0.24  V);  and  GO-Cys-GNR 
(—0.22  V).  When  GNPs  and  GNRs  were  incorporated  into  the 
system;  the  metal  nanoparticles  increased  the  ORR  activity 
significantly.  In  the  CV  experiments  (Figure  10b);  from  GO  to 
GO-Cys  there  was  not  an  obvious  peak  shift.  After  the  addition 
of  GNPs/GNRs;  the  peak  shifted  to  less  negative  positions; 
indicating  that  the  materials  were  easier  to  reduce.  AlsO;  the 
current  density  significantly  jumped  from  the  reduction  scans 
to  the  oxidation  scans.  Particularly  for  GO-Cys-GNPi;  the 
cyclic  voltammogram  displayed  a  shape  close  to  rectangular; 
which  means  that  this  material  has  good  potential  for 
applications  such  as  supercapacitors.^^  In  an  ideal  situation;  it 
can  be  envisioned  that  the  entire  surface  of  graphene  within 
such  3D  layer-by-layer  hybrid  nanomaterials  would  be  exposed 
to  electrolyte  ions  to  facilitate  the  charging/recharging  process 
of  the  devices  through  the  large  interstitial  space. 

4.  CONCLUSIONS 

In  conclusion;  a  facile  solution-processable  strategy  for  creating 
a  3D  layer-by-layer  nanostructure  by  sandwiching  GNPs 
between  graphene  layers  was  for  the  first  time  developed. 
CyS;  which  contains  amino  and  thiol  group S;  was  reacted  with 
GO  via  the  amine  group  and  then  further  linked  to  GNRs  via 
formation  of  covalent  Au— S  linkages.  The  GNRs  were  found  to 
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Figure  10.  (a)  Linear  sweep  voltammetric  (LSV)  curves  for  oxygen  reduction  at  the  GO;  GO-CyS;  GO-Cys-GNP^;  GO-Cys-GNP2;  and  GO-Cys- 
GNRin  an  02-saturated  0.1  M  KOH  solution  at  a  scan  rate  of  10  mVs“h  The  electrode  rotation  speed  was  1600  rpm.  (b)  CV  experiment  of  GO; 
GO-CyS;  GO-Cys-GNPi;  GO-Cys-GNP2;  and  GO-Cys-GNR. 


separate  the  graphene  sheets  well  within  the  3D  layer-by-layer 
structure.  GO  before  and  after  the  reaction  with  Cys  was 
investigated  by  UV— viS;  Raman;  XPS;  and  ED  analyses;  which 
indicated  not  only  that  Cys  molecules  were  attached  on  GO  but 
also  that  GO  endured  a  reduction  reaction.  The  3D  layer-by- 
layer  architectures  were  confirmed  using  TEM  and  SEM  by 
tilting  the  samples.  Furthermore;  when  GNPs  with  different 
sizes  were  introduced;  the  distance  between  graphene  layers 
could  be  controlled;  offering  an  opportunity  to  investigate  the 
effect  of  the  interlayer  distance  on  properties  of  the  3D 
graphene  materials.^^  ORR  and  CV  measurements  indicated 
that  these  3D  hybrid  nanomaterials  possess  good  electro¬ 
chemical  activities;  which  have  potential  in  applications  such  as 
fuel  cells  and  supercapacitors.  This  work  provides  an  exciting 
impetus  for  building  a  tunable  3D  carbon  nanostructure  with 
tailored  functionality.  In  future  work;  CNTs  are  expected  to  be 
sandwiched  between  graphene  layers  in  this  3D  hybrid 
nanostructure;  allowing  coherent  3D  carbon  nanostructures 
to  be  built. 
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